Genomics and bioinformatics are emerging disciplines that have the potential to fundamentally alter current approaches to molecular systematics. The sequencing of eukaryotic genomes has demonstrated the ability to obtain and interpret nucleotide sequences at a scale and efficiency that was unimaginable just a few years ago. The immense amount of sequence information generated by genome projects has spurred the development of new analytical and data management tools. How can plant systematists take full advantage of these advances? Comparison of plant nuclear genomes will allow the identification of conserved nonrecombining and single copy loci that can serve as robust phylogenetic markers. The growth of molecular phylogenetic studies is dramatically altering organismal classification. The successful integration of these changes will require innovations in the communication of taxonomic information. Reductions in the cost of obtaining and analyzing nucleotide sequences should result in more time and resources being directed to the essential activities of systematists-the documentation and organization of biological diversity, and the interpretation of this diversity in the context of organismal evolution.
INTRODUCTION
The term bioinformatics is most commonly associated with the analysis of data generated by molecular biology. Specifically, genomics, the study of the nucleotide sequence of organismal genomes, and proteomics, the record of all proteins produced by a genome, are viewed as the frontiers of bioinformatics. The informatics challenge in these fields is turning the vast amounts of genomic and proteomic data into understandable and useful information. Systematics, the science of organismal diversity, has long faced a similar challenge: Documenting the earth's organisms, and placing this sometimes overwhelming diversity into a comprehensible and practical framework. Thus, it should not be surprising that systematists have made important contributions to the development of bioinformatic tools (e.g., Swofford, 1998; Maddison and Maddison, 2000) , and are key providers of bioinformatic information (Bisby, 2000) . Likewise, the practice of systematics may soon be transformed by advances in the fields of genomics and bioinformatics.
In this paper, I will explore the interface of genomics, bionformatics, and systematics, focusing on the discipline of plant systematics.
GENOMICS
Genomics is dedicated to the understanding of biological phenomena utilizing the nucleotide sequence of organismal genomes. The current stage of genome sequencing has much in common with natural history endeavors of the 19th century: The science is focused on the discovery of genomic features, their description, and interpretation based on these observations. Experimental approaches are becoming widespread (e.g., gene expression studies using genomic microarrays), but still require technological and analytical advances before they can be considered well-established (Finkelstein et al., 2002; Li et al., 2002) . As in natural history, comparisons among organisms provide significant insights into function and evolution. The comparative approach to S-90 genomics is well-established in prokaryotes (Koonin et al., 2000) , and developing rapidly in eukaryotes (Wood et al., 2002) . In plants, comprehensive comparisons of the Arabidopsis and rice genomes are now possible (Bennetzen, 2002) .
Although it has been frequently stated that a strength of molecular systematic approaches is the unlimited number of nucleotide sequence characters available (Avise, 1994) , this potential has not been exploited. To date, molecular phylogenetics of plants has been based on a tiny number of loci. The vast majority of studies are based on either a limited number of chloroplast genes, or the nuclear regions that transcribe the ribosomes (Soltis and Soltis, 1998) . The mitochondrial genome, of great utility in animal systematics, has a very low rate of sequence evolution in plants (see Palmer et al., 1999 , for notable exceptions). Thus, its application has been restricted to the analysis of deep divergences (Qiu et al., 1999) .
In recent years, there has been considerable interest in low-copy number nuclear genes for phylogenetic reconstruction. Typically, genes that have been well-characterized as a consequence of their biologically or economically important function are used. Such genes are prone to strong positive selection, and thus may not be appropriate for phylogenetic analysis. An analysis of floral homeotic genes in Gesneriaceae has uncovered incongruence between phylogenetic estimates based on the floral gene cycloidea and plastid and ribosomal genes (Smith et al., 2002) . It is widely acknowledged that phylogenetic analysis of low-copy nuclear loci requires careful attention to gene orthology (Wendel and Doyle, 1998) . Despite this awareness, the prevalence of naturally occuring and PCR-mediated recombination (Cronn et al., 2002) can impede accurate phylogenetic reconstruction. The widespread incorporation of nuclear loci into plant molecular systematists would be greatly facilitated by the identification of genes that are confirmed single copy and/or consistently found in regions of the genome that are not subject to recombination.
Arabidopsis and rice represent the two largest clades of flowering plants, the eudicots and monocots. Comparison of their genomes will, for the first time, open the entire nuclear genome to plant molecular systematists. The identification of genes in the centromeric regions of Arabidopsis (Copenhaver et al., 1999 ) was a surprising genomic discovery. If the same genes are present in centromeric locations in rice, and have an appropriate level of sequence variation, these could become ideal phylogenetic markers for angiosperm systematics. Comparison of the Arabidopsis and rice genome may also identify loci, or groups of loci, that are in conserved positions and single copy. These could then be surveyed for copy number in other flowering plants, in order to discover those that are consistently present. Conservative exons identified in this manner would be ideal for phylogenetic analyses in flowering plants at the genus level and above. With luck, some may be extended to gymnosperms, ferns, and bryophytes. However, to guarantee coverage of all land plants (embryophytes), sequencing of a genome from each of these major lineages will be required.
This suggestion, the sequencing of a gymnosperm, fern, and bryophyte genome, would have seemed whimsical just a few years ago. However, using today's technology, the speed and efficiency of genome sequencing is constantly increasing. Technological advances in DNA sequencing are likely to provide dramatic increases in efficiency and reductions in cost in the coming years. Leroy Hood (2002) has predicted that in "ten years the equivalent of the human genome can be sequenced in one day for $10,000." For molecular systematists, this suggests that the amount of sequence information included in a typical study will increase 10-1000 fold, and taxonomic sampling will only be limited by access to material. The exponential growth in the number of sequences deposited in Genbank, the public DNA sequence database, shows no sign of abating. In parallel, the number of plant taxa represented by DNA sequences will continue to rise (Fig. 1) .
PLANT SYSTEMATICS Above the species level
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Species Genera S-91 perhaps the most thoroughly characterized large clade. The plastid gene encoding the large subunit of ribulosebisphosphate carboxylase-oxygenase (rbcL) has been sequenced for over 5000 angiosperm species. Published analyses have included up to 2230 species (Kallersjo et al., 1998) and nearly complete representation of angiosperm families . A slightly less comprehensive study adds a second plastid gene, atpB, and the small subunit nuclear ribosomal DNA . These studies are largely consistent with the landmark rbcL study of Chase et al. (1993) , that formed the basis for a revised ordinal classification of the flowering plants (Angiosperm Phylogeny Group, 1998). A major result is the identification of 54 strongly and consistently supported monophyletic groups composed of 1-34 families each (Stevens, 2001) . These have been classified as orders, however, relatively few directly correspond to orders recognized in previous classifications. For example, in comparing Cronquist (1981) to Stevens (2001) , only Dipsacales, Zingiberales, and the monotypic Arecales are identical. Twenty-five years ago Vernon Heywood wrote: "Whilst there is a basic agreement between different authors as to the 200 or so 'core' families to be recognized, there is no such consensus as regards the next higher level, the order, and the different systems of classification differ widely not only in the number of orders … recognized but also in their names and content. Fortunately, orders are not widely used …" (Heywood, 1978, p. 11) . As a result of the molecular phylogenetic studies described above, the situation today is completely reversed. I predict that in coming years the orders recognized in the Angiosperm Phylogeny Group classification (with some modifications, see Stevens, 2001 ) will be widely adopted as the "natural" units of flowering plant diversity. In contrast, many of Heywood's "core" families are being challenged. In the flora of Israel, examples include the transfer of Cyclamen L. from Primulaceae to the Myrsinaceae (Kallersjo et al., 2000) and the removal of most Scrophulariaceae (except Scrophularia L. and Verbascum L.) to Plantaginaceae (Stevens, 2001) or Veronicaceae (Olmstead et al., 2001) , depending on nomenclatural preference. As the comprehensive molecular sampling of flowering plants extends from nearly all 400 families to the ca. 13,000 genera (Mabberley, 1997) , additional recircumscription at the rank of family is expected.
Nomenclature
The nomenclatural instability anticipated from molecular phylogenetic advances may be alarming. This destabilization also runs counter to the prevailing sentiment expressed in the current International Code of Botanical Nomenclature (ICBN, 2000) . In the past decades, plant systematists have made a concerted effort to reduce the incidence of name changes, through modifications of the nomenclatural code. These changes include a relaxation of the constraints of the priority principle, which requires the use of the earliest published name for a taxon (McNeill, 2000) . The "conservation" of later names is simplified, and a resolution advising against making changes based solely on bibliographic findings was accepted in 1993 (McNeill, 2000) . These reforms are designed to lead to a more stable system of nomenclature. A proposal designed to further reduce nomenclatural clutter, a requirement for registration of new names, was defeated at the last Nomenclatural Session at the International Botanical Congress (ICBN, 2000) .
The Code of Botanical Nomenclature has never legislated the taxonomic circumscription of names, that is, whether taxa should be recognized as distinct or synonymized. This is the area that stands to receive the brunt of the molecular systematic hurricane. I suspect that all systematists agree that when a taxon is determined to be polyphyletic, some renaming is inevitable. Whether this should be applied to paraphyletic lineages is a contentious issue (reviewed in Knox, 1998) , and the debate shows no sign of abating. Nevertheless, the dominant trend today, especially among molecular systematists, is to only name monophyletic lineages. This is the rationale for the family name changes in Primulaceae and Scrophulariaceae described above.
Adding to the potential for nomenclatural confusion, an alternative set of nomenclatural rules, the PhyloCode, has been proposed (Cantino and de Queiroz, 2000) . The PhyloCode implements an explicitly phylogenetic system of nomenclature, and is considered by its proponents as a successor to the principles in place for over two centuries (Cantino and de Queiroz, 2000) . The PhyloCode has attracted significant attention and debate (reviewed in Bryant and Cantino, 2002) . Implementations have begun to appear in the plant systematic literature (e.g., Olmstead et al., 2001) , despite the fact that the PhyloCode remains incomplete, especially in regard to naming species (Cantino et al.,1999) . Regardless of the ultimate fate of the PhyloCode, efforts to catalogue and communicate organismal diversity may need to maintain two alternative systems of nomenclature for some groups.
Bioinformatics and databases
Communication is essential to the mission of systematics. A central question that systematists address is "what are the world's species?" (SA2000, 1994). To answer this question, systematists have developed a number of S-92 international efforts and accompanying databases (Heywood, 2001) . The success of these efforts is dependent on the existence of local and regional enumerations. Clara Heyn played a leading role in two such works, the Med-Checklist (Greuter et al., 1984 (Greuter et al., -1989 covering the flora of the Mediterranean Basin, and the Conspectus florae orientalis: An annotated catalogue of the flora of the Middle East (Zohary et al., 1980 (Zohary et al., -1994 . The importance of these and related publications is in synthesizing and reconciling the information dispersed in geopolitically-based floristic treatments.
An impending challenge for all such endeavors, from local to global, is assimilating the classification changes resulting from the ever-increasing number of molecular phylogenetic studies. The National Center for Biotechnology Information, the home of Genbank, has perhaps done the best job of maintaining an up-to-date taxonomic database, incorporating the most recent classifications (Wheeler et al., 2000) . A staff of taxonomists and bioinformatics experts maintains the "Taxonomy Browser", essentially, the taxonomic scaffolding for the millions of sequences added annually. As of early 2002, over 117,000 species are included. A limitation of the Taxonomy Browser is a lack of synonymy and retrospective information. One cannot follow the history of nomenclatural changes, nor trace an older name. With their experience with these issues, systematists can make important contributions to taxonomic databases that track and archive changes. With the anticipated increase in nomenclatural changes due to molecular phylogenetic results, such features will go from desirable to essential.
Another area in need of development is associating the names used for organisms directly to the phylogenetic hypotheses (trees) these names are based on. Databases of phylogenetic trees exist (TreeBASE, 2002; Maddison, 2002) , as do various nomenclatural databases (Bisby, 2000) . It may be possible to integrate these using the architecture of genomics databases. For example, the virtual representation of a genome is linked to its constituent sequences, and tools allow for viewing of the genome at different scales of resolution (Kent et al., 2002 ). An analogous system for systematics would allow the user to move from a taxonomic name to its position in one or more phylogenetic trees, to the underlying character data, and provide for visualizing the trees and data at different levels of resolution. Needless to say, the above scenarios assume that the majority of taxonomic information will be disseminated and accessed electronically (Godfray, 2002) .
Prospects for the future
The growth of DNA sequence information has been, and will continue to be, characterized by increased automation. Each advance in sequencing technology further reduces the demand for human involvement. Currently, an increasing amount of the systematist's time is devoted to the analysis of the resulting data. Improvements in the methods of phylogenetic analysis have facilitated the analysis of large data sets; nevertheless, serious methodological and theoretical challenges remain (Sytsma and Pires, 2001) , especially as the size of data matrices continues to expand. As the methods become even more computationally intensive, it seems likely that innovations will be made by computer scientists and data processing experts, and not systematicians. If the data gathering is automated, and the data analyses are best done by others, what is left for the systematist? In my view, this situtation frees the systematist to do what s/he is uniquely qualified for-the documentation and organization of biological diversity and the interpretation of this diversity in the context of organismal evolution.
Recent decades have seen a decline in "experimental studies on the nature of species" (Clausen et al., 1940) conducted by plant systematists. Among the majority of systematists, the focus has apparently shifted from investigating the process of evolution to documenting its resulting pattern (Knox, 1998) . By integrating the experimental approaches of the biosystematists (Stebbins, 1970) , the tools of molecular biology, and the methods of phylogenetic analysis, systematists can make important contributions to our understanding of the process and pattern of organismal evolution (Sytsma and Pires, 2001) .
Large gaps still remain in our knowledge of the morphological (and functional) features of many taxa (Stevens, 2000) . These lacunae become apparent when molecular phylogenetic results "change" the long-accepted position of a taxon (e.g. Platanus L. and Simmondsia Nutt.), forcing a reevaluation of past morphological interpretations (Stevens, 2000) . In Garrya Lindley (Garryaceae), the molecular confirmation of a sister-group relationships with Aucuba Thunb. (Aucubaceae) led to the clarification of its floral morphology, and the resolution of ambiguities that existed in the descriptive literature for over 150 years (Liston, 2002) . This example demonstrates how molecular phylogenetic results can contribute to a better understanding of morphological features.
The documentation of earth's biota is not keeping pace with the rate of habitat destruction (Myers et al., 2000; Pimm and Raven, 2000) . There is an urgent need to determine what exists before it is gone. This crisis situation makes especially appealing the prospect of weaning molecular systematists from the DNA sequencer to the field and to museum collections. This does not assume a reduced interest in the results of with?
S-93 molecular phylogenetics, but rather a recognition that these efforts can be conducted by others, provided that systematists provide the appropriately collected and documented starting materials. If ongoing efforts to increase the financial support for taxonomic activities are successful (All Species Foundation, 2002) , we need to ensure that the personnel are available to "discover, describe, and classify" (SA2000, 1994) organismal diversity. Furthermore, the obligation to train a new generation of taxonomists, particularly in biologically-rich regions of the world, cannot be neglected.
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